ABSTRACT: Stabilized rice bran (SRB) is classifi ed as a "functional food" because of its prebiotic characteristics. With increasing grain prices and the pressure to remove antibiotics from swine diets because of concern over antibiotic resistance, SRB was investigated as a nursery diet ingredient with and without the addition of antibiotics (ANT). Two hundred pigs were weaned at 21 d of age, blocked by BW, and allotted to diets containing 0 or 10% SRB ± ANT according to a 2 × 2 factorial arrangement of treatments. Five animals were housed per pen throughout a 28-d growth period. At the end of the trial, 1 pig from each pen was euthanized for measurement of intestinal morphology. Antibiotic supplementation improved ADG by 6.4% during Phase 2 (d 14 to 28; P = 0.02), but other production variables were unaffected by ANT. During Phase 2 and cumulatively (d 0 to 28), the supplementation of SRB improved G:F by 10% in ANT-free pigs but not in pigs fed ANT (ANT × SRB, P < 0.03). Ileal histology revealed an increase in crypt depth of pigs fed the diet containing ANT plus SRB and corresponding decreases in villi:crypt associated with both ANT and SRB supplementation (P < 0.05). Intraepithelia l lymphocytes were increased by 15% in pigs fed SRB without ANT, but were unaffected by SRB in pigs fed ANT (ANT x SRB, P = 0.003). Colonic bifi dobacteria tended to increase with SRB supplementation (P < 0.10). Differences in ileal and cecal digesta shortchain fatty acid concentrations were not detected. In summary, SRB improved the effi ciency of nutrient utilization in nursery diets lacking antibiotics and tended to increase intestinal bifi dobacteria concentrations, indicating that SRB may exert benefi cial prebiotic effects in weanling pigs.
INTRODUCTION
In 2010, approximately 11.03 million metric tons of rice were produced in the United States (NASS, 2010) . A by-product of the rice-milling process, rice bran, is produced when the outer brown layer of bran is removed from the rice kernel to yield white rice (Saunders, 1990) . Under normal milling processes, endogenous lipases are activated, leading to rapid hydrolysis and rancidifi cation of the endogenous oil within the bran (Saunders, 1990) . Stabilization of the rice bran involves inactivating the lipase, and new brands of stabilized rice bran (SRB) have increased shelf life up to 1 yr. With the advent of the stabilization process for rice bran, potential applications of SRB within the animal feed industry merit further investigation.
Although many components of SRB can relay functional-food properties (Saunders, 1990) , our study examined the potential prebiotic character of SRB nonstarch polysaccharides within the intestine of newly weaned pigs. The term prebiotic was recently redefi ned as, "a selectively fermented ingredient that allows specifi c changes, both in the composition or activity or both in the gastrointestinal microbiota that confers benefi ts upon host well-being and health" (Roberfroid, 2007) . The nutrient composition of SRB indicates its potential use as a prebiotic dietary ingredient. Stabilized rice bran contains a substantial indigestible carbohydrate component, with 20 to 25% total fi ber and 2% soluble fi ber. This fi ber component can be fermented by intestinal bacteria and may promote the colonization of a healthy intestinal microbi-ota (Benno et al., 1989; Gestel et al., 1994; Bird et al., 2000) . In previous studies, fecal output was increased by feeding SRB to both humans (Miyoshi et al., 1986) and dogs (Spears et al., 2004) , and recent murine studies have reported increased Lactobacillus spp., mucosal IgA, and reduced intestinal infl ammation (Komiyama, et al., 2011; Henderson et al., 2012a) . Accordingly, our study was designed to examine the interaction of SRB with dietary antibiotics in the diet of newly weaned pigs, and their impacts on growth performance and measures of intestinal health.
MATERIALS AND METHODS
All animal procedures were approved by the Institutional Animal Care and Use Committee of North Carolina State University.
Animals and Diets
Two hundred pigs (initial BW = 6.27 ± 0.03 kg) were weaned at 3 wk of age and allotted to 1 of 4 dietary treatments based on BW in a randomized complete block design (10 pens/treatment and 5 pigs/pen). Treatments were as follows: 1) control diet [CON: no antibiotics (ANT) or SRB (ANT-/SRB-)], 2) CON + ANT (ANT+/SRB−), 3) CON + 10% SRB (ANT−/ SRB+), and 4) CON + ANT + 10% SRB (ANT+/ SRB+). Diets were formulated to meet or exceed established nutrient requirements (NRC, 1998; Table 1 ). The antibiotics used were a combination of chlortetracycline, sulfamethazine, and penicillin (Aureomix; Alpharma, LLC, Bridgewater, NJ). Diets were fed in 2 phases (Phase 1 from 0 to 14 d post-weaning and Phase 2 from 14 to 28 d post-weaning). Phase 1 diets were pelleted, whereas Phase 2 diets were fed in meal form. Pigs were housed in 40 pens (1.73 × 0.83 m) in 2 separate environmentally controlled nursery rooms (20 pens/room) with raised wire fl oors. The nursery rooms purposefully had not been cleaned after their previous occupancy. Pigs were exposed to artifi cial light from 0600 to 2000 h. Each pen was equipped with a 2-hole self-feeder and a nipple waterer allowing ad libitum access to feed and water. Pig BW and feed disappearance data were collected weekly.
Sample Collection
At the end of the growth trial (d 28), 1 pig from each pen was randomly chosen for sampling. The animals were euthanized by electrocution and exsanguination, and the large and small intestines were removed. Mucosal samples were collected 30 cm proximal to the ileocecal junction. The intestinal segment was rinsed with ice-cold PBS, and mucosa was removed using a glass microscope slide. The sample was immediately frozen in liquid nitrogen and stored at −80 o C. The adjacent 15 cm were sampled for histology. At the center section of the distal sample, approximately 2 cm of tissue were excised and fi xed with neutral buffered formalin (Corl et al., 2007) . Ileal digesta were collected, mixed and subsampled for measurement of short-chain fatty acid (SCFA) concentrations and apparent digestibility. Colonic digesta were similarly processed for measurement of SCFA concentrations a subsample was placed on ice for bacteria enumeration.
Apparent Ileal Digestibility and Histology
Chromic oxide was added to the Phase 2 diets as an indigestible indicator of digestibility. After initial collection, digesta and feed samples were frozen until further analysis. Samples were thawed, weighed into whirlpak bags and freeze-dried (Heto PowerDry LL3000 Freeze Dryer; Thermo Fisher Scientifi c, Waltham, MA). Chromium content was determined via atomic absorption (Williams et al., 1962) . Apparent ileal DM digestibility was calculated as a percentage based on the concentration of Cr marker in the feed and digesta (Smiricky et al., 2002) .
After 24 h, the fi xed ileal tissue samples were transferred from formalin into 70% ethanol solution and subsequently paraffi n embedded, sectioned, and stained with hematoxylin and eosin (Corl et al., 2007) . Two slices of the ileum (5 μm thick) were placed on each slide for analysis. Intestinal morphology was evaluated in 6 well-defi ned villi. The length and width of the villi were recorded along with the length of the crypts underneath the villi. Surface area calculations were modifi ed by a factor that accounted for the hemispherical shape of the upper portion of the villus (Argenzio et al., 1993) . Intraepithelial lymphocytes (IEL) of 5 well-defi ned villi were enumerated. The IEL and epithelia cells were counted on each of these villi. Intestinal slides were read (Olympus Vanox-S Microscope; Olympus Corporation, Lake Success, NY) and analyzed (SPOT Basic Imaging software; Diagnostic Instruments, Sterling Heights, MI).
Ileal and Colonic Short-Chain Fatty Acid Concentrations
Short-chain fatty acid concentrations in ileal and colonic digesta were determined using a modifi ed gas chromatography method (Herfel et al., 2011) . Diethylacetic acid served as the internal standard. Short chain fatty acids were extracted from the digesta overnight in a 1:1 mixture with 0.5 N HCl. After extraction, samples were clarifi ed by centrifugation (3,000 × g for 10 min at 4°C), and the supernatant was injected (1 μL) into a column (Varian CP 3380/3800 with a Nukol Fused Silica Capillary Column, 30 m × 0.25 mm × 0.25 mm; Sigma-Aldrich, St. Louis, MO). A fl ame ionization detector was used to quantify SCFA elution.
Cecal Bacterial Concentrations
On the day of collection, ileal and colonic digesta were serially diluted with ice-cold PBS. Serial dilutions were plated for lactobacilli and bifi dobacteria as previously described (Herfel et al., 2011) . Plates were placed in bags (Bio-Bags; Thermo Fisher Scientifi c, Waltham, MA) to generate an anaerobic environment and then incubated for 48 h at 37 o C. After 48 h, colonies were counted from 2 plates per bacteria per animal.
Digestive Enzyme Analysis
Ileal mucosal samples were homogenized in sterile PBS. Maltase activity was analyzed based on modifi cations for a 96 well plate assay (Dahlqvist, 1964; Herfel et al., 2011) . The standard control was D-glucose. One unit of enzyme-specifi c activity was determined as the liberation of 1 mmol of glucose per min/mg of protein. Leucine aminopeptidase activity was determined through a colorimetric assay (Goldbarg et al., 1959) . Total protein was determined (Smith et al., 1985) using a commercially available bicinchoninic acid kit (Pierce #23225, Thermo Fisher Scientifi c).
Statistical Analysis
Data were subjected to ANOVA according to a randomized complete block design using the GLM procedure (SAS Inst. Inc., Cary, NC) appropriate for a 2 × 2 factorial arrangement of treatments. The pen was the experimental unit. Differences were deemed signifi cant when P ≤ 0.05, and trends were noted when 0.05 < P ≤ 0.1. When signifi cant interactions occurred, means were separated using the LSD of SAS.
RESULTS

Growth Performance and Apparent Ileal DM Digestibility
Differences in growth performance were not observed during Phase 1 (d 0 to 14; Table 2 ). However, ANT supplementation improved ADG by 6.4% during Phase 2 (d 14 to 28; P = 0.024). During Phase 2 (d 14 to 28) and cumulatively (d 0 to 28), ANT × SRB effects were observed for G:F (P < 0.03). Specifi cally, SRB increased G:F by 10% in diets lacking ANT, but did not affect effi ciency in diets supplemented with ANT. Across all diets, SRB improved cumulative G:F by 4% (P = 0.05). No effects of ANT or SRB were detected for apparent ileal DM digestibility.
Intestinal Microbial Concentrations and Metabolic Products
No differences or interactions were observed for culturable ileal bifi dobacteria (Table 3) or lactobacilli; however, there was a trend for increased colonic bifi dobacteria with SRB supplementation (P = 0.10). Despite the trend for increased bifi dobacteria, both ileal and colonic SCFA were not affected by dietary treatment (Table 4) . Propionic, isobutyric, and valeric acid were not detectable in the ileal digesta.
Ileal Morphology and Enzyme Activity
There was an effect of ANT × SRB on ileal crypt depth and IEL (P = 0.038 and 0.003, respectively; Table 5 ). Pigs fed ANT and SRB in combination had increased crypt depth by 50 μm (approximately 25%) compared with other treatments. Correspondingly, SRB decreased villi:crypt from 3.23 to 2.62 (P = 0.044), and ANT feeding tended to reduce the ratio as well (P = 0.058). Intraepithelial lymphocytes were increased by 15% in pigs fed SRB with- 
DISCUSSION
Although it is well recognized that rice-based ingredients are viable for poultry and swine (Robles and Ewan, 1982; Calvert et al., 1985; Sayre et al., 1987; Annison et al., 1995; Zhu et al., 2013) , our work specifi cally examined the use of SRB in weanling pig diets. Various nutritional approaches have been investigated to minimize the depression in growth after piglet weaning. Prebiotic carbohydrates have been shown to improve the stability of intestinal microbial fl ora and health status of newly weaned piglets (Konstantinov et al., 2003) . Prebiotic effects of lactose have even been implicated (Szilagyi, 2002; Tran et al., 2012) . Our study was not designed to examine clinical health outcomes, but instead, measured growth response and intestinal morphology as markers of health. During the fi rst phase of feeding (d 0 to 14 post-weaning), growth response was not different among treatments. During the second phase (d 14 to 28 post-weaning), dietary antibiotics improved BW gain. Previous reports have failed to show improvements in growth performance with the addition of antibiotics in research settings (Fajardo Bernardez et al., 2008; Nochta et al., 2010) , presumably because of better sanitation, husbandry, and stocking density on research farms compared with commercial farms. For this reason, the nursery rooms in our study were purposefully not cleaned and sanitized between weaning groups, and we were successful in creating an antibiotic-responsive environment. Zhao et al. (2007) successfully employed a similar approach to assess interactions between copper and plasma additions to ANT-free nursery diets.
Stabilized rice bran improved feed effi ciency in our experiment by up to 10% when fed in ANT-free diets. The improved effi ciency was not mediated by changes in digestibility because ileal DM digestibility averaged 88% and was not affected by treatment. Similar improvement in feed effi ciency was reported in broilers fed a 60% SRB diet (Sayre et al., 1987) . The improvement in feed effi ciency of pigs fed the ANT−/SRB+ diet may be attributed to the prebiotic properties of SRB changing the intestinal environment. This idea is supported by the observation that SRB supplementation failed to alter feed effi ciency when added to the diet containing ANT. These fi ndings are further corroborated by recent studies documenting prebiotic effects of rice bran in murine models (Komiyama et al., 2011; Henderson et al., 2012a) , and we speculate that SRB-induced changes in digesta viscosity and rate of passage may be involved (Dikeman, et al., 2006) . If so, the SRB might alter transit time along the intestine, which could conceivably affect both nutrient absorption and microbial fermentation patterns. Intestinal architecture is an important determinant of weanling piglet health. We did not observe differences in villi length, but there was an effect of ANT × SRB for crypt depth with piglets fed ANT+/SRB+ having the deepest crypt depths. The increased crypt depth lead to a 30% decrease in villi to crypt ratio for ANT+/SRB+-fed piglets compared with those fed other diets. The IEL infi ltration did not follow the same pattern with SRB only increasing IEL in pigs fed ANT-free diets. We speculate that changes in microfl ora (induced by both ANT and SRB) may have elicited the increased infi ltration, or that other phytochemicals in the rice bran signal this response (Henderson et al., 2012b) . Decreased villi to crypt ratios have been reported during weaning because of villus atrophy and crypt hyperplasia (Pluske et al., 1997) , but in our study, the decreased villi to crypt ratio was due to increased crypt depth, without affecting villi length. Villus atrophy with increased crypt depth is associated with decreased intestinal enzyme activity (Pluske et al., 1997) . Furthermore, villus atrophy and decreased disaccharidase activity are associated with decreased nutrient utilization (Nabuurs et al., 1994) . Although the villi to crypt ratio was decreased with feeding ANT+/SRB+, changes in intestinal enzyme activity were not observed and growth was not affected. The pigs fed only SRB had improved feed effi ciency, while intestinal morphology was not changed. It should be noted that, while allergens have been detected in rice (Tsuji et al., 2001) , overall, rice bran protein is considered to be hypoallergenic (Fabian and Ju, 2011) . The increase in IEL associated with the SRB+ANT− diet in our study does not support hypoallergenicity; however, arabinoxylan oligosaccharides in rice bran (Annison et al., 1995; Grieshop et al., 2002; Grootaert et al., 2007) may be implicated in our observations of increased bifi dobacteria.
Compared with the adult pig, the neonatal and weaning piglets are particularly susceptible to enteric infections. The adult microbial community is a stable population, but the young pig intestinal microbial population is dynamic with an increased risk for enteric infections (Konstantinov et al., 2003 (Konstantinov et al., , 2006 . Piglets weaned in a commercial setting experience several changes in their intestinal microbiome because of altered diet, environment, and host variables. Maintaining a balanced microbial community with a large presence of the beneficial bacteria, such as lactobacilli and bifi dobacteria, in early development is hypothesized to improve intestinal health. In this study, feeding SRB tended to increase bifi dobacteria, but lactobacilli content and intestinal concentrations of SCFA were unaffected. Henderson et al. (2012a) fed 10% rice bran to mice and reported log increases in culturable lactobacilli and Bird et al. (2000) observed that SCFA more than doubled in the colon of pigs when they were fed brown rice compared with white rice.
In summary, supplementation of nursery diets with 10% SRB increased feed effi ciency equivalent to that of conventional diets supplemented with growth-promoting antibiotics. The improvement in production was accompanied by a trend for increased colonic bifi dobacteria, but the fermentative activity of the bacteria was not detectably different when SRB was fed. Trends for increased bifi dobacteria and improved feed effi ciency indicate SRB has prebiotic properties. Stabilized rice bran shows promise as a feed ingredient for use in weaning diet of pigs, particularly in diets devoid of antibiotic growth promoters. Further research in commercial nursery environments should explore the effi cacy of SRB as an alternative to antibiotic growth promoters.
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